Choline acetyl transferase (ChAT) activity is present in isolated cerebral capiliaries, where it has been considered to be a marker for perivascular cholinergic nerve terminals. However, ChAT-like immunoreactivity has been visualized in endothelial cells. This finding raised the possibility that at least part of the biochemi cally detected ChAT has a non neuronal origin. To evaluate the relative contribution of endothelial cells and nerve fibers to the total acetylcholine (ACh)-synthesizing capacity of cerebral capillaries, ChAT activity and ACh release were measured in capillaries and in purified en dothelial cells isolated from bovine cerebral cortex. Iso lated capillaries showed ChAT activity, which was inhib ited by 2-benzoylethyl trimethylammonium to the same extent as cerebral ChAT. When preincubated with
eH]choline, these capillaries presented a caJcium dependent enhancement in tritium release upon electrical Choline acetyltransferase (ChAT) actlVlty has been demonstrated in isolated cerebral microves sels (Hardebo et aI., 1977; Estrada and Krause, 1982; Arneric et aI., 1988) and capillary-enriched fractions (Estrada et aI. , 1983; Gonzalez and San tos-Benito, 1987 ) from different species. These vas cular preparations, isolated by mechanical proce dures (density gradients and/or filtration), consist of endothelial cells surrounded by a basal lamina, peri cytes or smooth muscle cells, and perivascular ele-field stimulation. Purified endothelial cells had minor ChAT activity and lacked the ability to release tritium in response to electrical stimulation, although the endothe lial markers alkaline phosphatase, '1-glutamyltranspepti dase, and 1,1' -dioctadecyl-l,3,3' ,3' -tetramethyl-iodo carbocyanide perchlorate-labeled acetylated low-density lipoprotein uptake were fully preserved. These data indi cate that, within isolated cerebral capillaries, ACh is syn thesized and released by a periendothelial structure. The fact that ACh release is provoked by electrical stimula tion and by a calcium-dependent mechanism strongly sug gests that cerebrovascular ACh has a neuronal origin. Key Words: Acetylcholine release-Cerebral endotheli um-Cerebral microvessels-Cerebrovascular innerva tion-Choline acetyltransferase-Cholinergic innerva tion-Endothelial cells. ments such as nerve endings and astrocyte pro cesses (Suddith et aI. , 1980; White et aI. , 1981; Ar neric et aI. , 1988) . Intracerebral microvessel ChAT was initially interpreted as an index for cholinergic innervation because, within the brain, this enzyme is specifically located in cholinergic neurons (Houser et aI., 1985; Eckenstein et aI. , 1988) . Such a hypothesis has been supported by the immunohis tochemical localization of ChAT in axon terminals in close contact with arterioles and capillary base ment membranes in rat cerebral cortex (Eckenstein and Baughman, 1984; Arneric et ai., 1988) and amygdala (Armstrong, 1986) .
However, ultrastructural studies have recently revealed the presence of ChAT -immunoreactive material in a small sub population of endothelial cells from cerebral capillaries (Parnavelas et ai., 1985; Arneric et ai., 1988) , in dendrites in close ap position to the thin glial sheet that surrounds cere bral microvessels, and in some perivascular astro cytic processes (Armstrong et aI., 1988) . The inter-pretation of these data is controversial. It has been proposed that endothelial ChAT could represent a nonnervous cholinergic system playing a functional role in the cerebral microcirculation (Parnavelas et aI., 1985) . On the contrary, other authors have sug gested that the occasional labeling of nonneuronal elements could be attributed to nonspecific attach ments of the peroxidase-anti peroxidase product to membranes damaged during the fixation procedure (Armstrong et aI. , 1988) .
As morphological studies do not allow a quan titative estimation of the contribution of nerve end ings and endothelial cells to the total capillary ChAT, we have attempted to elucidate this point by using biochemical and physiological methods. With that aim, endothelial cells were purified from iso lated capillaries, and the capacity of synthesizing and releasing acetylcholine (ACh) upon electrical stimulation was compared in both preparations. The results suggest that ACh was synthesized by periendothelial elements, which release it by a pro cess that is strongly reminiscent of neurotransmitter release by nerve terminals.
METHODS
Bovine brains were obtained in a local slaughterhouse (Giresa) and transported to the laboratory in phosphate buffered saline solution (PBS) at 4°C. Capillaries were isolated following a previously described procedure (Es trada et aI., 1988) . Briefly, after removal of the pia arachnoid membrane, pieces of cortical gray matter were homogenized in PBS, centrifuged at 1,000 g for 10 min, washed, and centrifuged again under the same conditions. The resulting pellet was resuspended in 4 vols of 18% dextran in PBS and centrifuged in a swinging rotor at 1,500 g for 20 min. The pellet, containing the blood ves sels, was saved and the extraction was repeated twice with the rest of the tissue to increase the yield. All pellets were pooled, resuspended in dextran, and recentrifuged to further purify the vascular fraction. Sequential filtra tion through 150-and 50-fLm nylon mesh screens allowed the elimination of most of the smooth muscle-containing vessels and the recovery of a fraction highly enriched in capillaries.
Endothelial cells were obtained from isolated capillar ies by incubation at 37°C for 30 min with 7.5 mg/ml col lagenase (Type II; Sigma) in a N-2-hydroxyethylpipera zine-N' -2-ethanesulfonic acid-buffered saline solution with the following composition (mM): 130 NaCl, 2.5 CaCI2, 4.6 KCl, 1.2 KH2P0 4 , 1.2 MgS0 4 , 5 glucose, and 15 N-2-hydroxyethylpiperazine-N' -2-ethanesulfonic acid, pH 7.4. The cell suspension was then poured over a glass bead column and washed extensively with PBS. The en dothelial cells retained by the beads were separated by agitation in PBS and collected with a plastic pipet.
The two vascular fractions were characterized morpho logically under phase microscopy and light microscopy after staining with cresyl violet. To assess their endothe lial nature, the ability to incorporate acetylated low density lipoprotein labeled with 1,1' -dioctadecyl-1,3,3' ,3' -tetramethyl-indocarbocyanide perchlorate (Dil Ac-LDL) (Voyta et aI., 1984) was evaluated. For that purpose, both fractions were incubated in Dulbecco's Modified Eagle Medium containing 10 fLg/ml Dil-Ac-LDL for 4 h in a CO2 incubator at 3rC. After two washes with PBS, the tissues were fixed with 3% formalin in PBS and examined under fluorescence microscopy.
Alkaline phosphatase (AP; EC 3.1.3.1) and -y-glutamyl transpeptidase (-y-GTP; EC 2.3.2.2) were measured as previously described (Estrada et aI., 1983) .
For ChAT activity measurements, samples of cerebral cortex, isolated capillaries, and endothelial cells were sonicated for 15 s in 50 mM sodium phosphate buffer and centrifuged at 27,000 g for 45 min. ChAT activity was measured in the supernatants as previously described (Estrada and Krause, 1982) , following the procedure of Fonnum (1975) , in which the newly formed [14C1ACh is separated from the labeled substrate [14Clacetyl-CoA by extraction in an organic phase in the presence of tetra phenylboron. Proteins were measured by the method of Bradford (1976) .
For r3H]ACh release experiments, freshly isolated cap illaries and endothelial cells were placed in nylon mesh screen baskets and then incubated at 37°C in a Krebs Henseleit solution (KHS) containing 5 x 10 -8 M r3Hlcholine and continuously bubbled with 5% CO2 in oxygen. After 1 h, the baskets were transferred to super fusion chambers provided with two parallel electrodes, 0.5 cm apart, connected to a Cibertec CS-20 stimulator for electrical field stimulation. Tissues were superfused at a rate of 0.5 mllmin with KHS containing 10-5 M physo stigmine, until the spontaneous tritium outflow had reached a steady-state level, and then stimulated (200 rnA, 0.3 ms/pulse, 4 Hz, 1 min). The superfusate was collected at I-min intervals and the radioactivity mea sured in a Beckman 5000 liquid scintillation counter. In some experiments tritium release was measured in the absence of calcium and in the presence of 1 mM ethyl eneglycol bis(aminoethylether) tetraacetate and 10-7 M nimodipine.
Data are expressed as means ± SD. For statistical anal ysis Student's t test for paired and unpaired samples was used. When p was <0.05, values were considered to be significantly different.
[3H1Choline and [14Clacetyl-CoA were obtained from New England Nuclear and all other products were from Sigma. 2-Benzoylethyl trimethylammonium (BETA) was a generous gift from Dr. F. F. Santos-Benito (Univer sidad de Valladolid, Spain).
RESULTS
The composition and purity of the microvessel and endothelial cell fractions were assessed by mor phological and biochemical methods. The micro vascular preparation was composed of well preserved vascular segments, most (80%) with a di ameter of -10 fLm, indicating that the fraction was highly enriched in capillaries ( Fig. lA) . Nuclei or cell debris were rarely seen. Furthermore, when this preparation was incubated in the presence of Dil-Ac-LDL, fluorescence uniformly spread over the vascular segments, confirming that they were endothelium-containing elements (Fig. IC) . The fraction obtained after collagenase treatment of the capillaries and further purification with a glass bead column was composed of clumps of cells ( Fig. IB) , whose endothelial nature was demonstrated by their capacity to incorporate Dil-Ac-LDL (Fig. ID) . The specific activity of the endothelial marker en zymes AP and -y-GTP was measured in cortical tis sue, capillaries, and endothelial cells. The enrich ment in AP and -y-GTP as compared to the cerebral cortex was 26: I and 36: I, respectively, in the case of capillaries and 33: I and 46: I in the endothelial cell fraction.
Bovine cerebral cortex capillaries presented a ChAT specific activity of 89 ± 15 pmollmin/mg pro tein, which is -7.5% of the value measured in bo vine cortical tissue (Fig. 2, top) . The ChAT inhibi tor BETA produced an identical decrease of the enzyme activity in brain tissue and capillary frac tions, with an IC 5 0 of -5 x 10-5 M (Fig. 2, bottom) .
ChAT specific activity was six times lower in endo thelial cells as compared to the isolated capillaries (Fig. 3, left) , whereas AP and -y-GTP activities were fully preserved in the endothelial fraction (Fig. 3 outflow that reached a steady-state level in 60 min (Fig. 4) . Then, electrical field stimulation induced an increase in tritium efflux that returned to basal levels within the next 8-10 min (Fig. 4) . A second electrical stimulus provoked a much smaller effect (Fig. 4) , and therefore only responses to the first stimulation were considered. Figure 5 shows the average tritium efflux induced by electrical stimu lation in isolated capillaries. This response was abolished when calcium was removed from the su perfusion medium (Fig. 5) . When experiments were performed in isolated endothelial cells, the sponta neous tritium outflow was similar to that observed in intact capillaries, but no increase was observed upon electrical stimulation (Fig. 6 ).
DISCUSSION
ChAT activity has been detected in isolated bo vine cerebral capillaries, in agreement with previ ous results (Estrada et aI. , 1983) . The possibility that an enzyme other than ChAT could have incor porated eH]acetyl-CoA into a compound extracted in the same conditions as ACh is unlikely, because the enzyme activity was completely abolished by the specific ChAT inhibitor BETA. Both cerebral cortex and capillary enzyme activities were equally sensitive to BET A, suggesting that the same form of the enzyme was present in both tissues. On the other hand, a contamination of capillary fractions by the parenchymal enzyme can be excluded, since in a cruder microvessel preparation ChAT activity did not change when cortical ChAT was signifi cantly decreased by basal forebrain lesions (Galea et aI., 1991) .
To elucidate the capillary structure in which ACh synthesis takes place, periendothelial elements were removed by digestion of isolated capillaries with collagenase, and endothelial cells were further purified by their adherence to glass beads. This treatment, based on the enzymatic technique de scribed by Williams et al. (1980) , allowed the isola tion of cells whose endothelial nature was demon strated by the specific receptor-mediated endocyto sis of Dil-Ac-LDL. Consequently, the specific activity of the endothelial cell membrane marker enzymes AP and 'Y-GTP was slightly higher in iso lated endothelial cells versus intact capillaries, probably as a result of the loss of non endothelial protein. Both the ability to incorporate Dil-Ac-LDL and the maintenance of AP and 'Y-GTP activities suggest that the cell membranes were not altered by the collagenase treatment. Furthermore, a Na + , K + -ATPase-dependent choline transport system, previously described in isolated capillaries (Estrada et aI., 1989) , was preserved in the endothelial cell fraction (unpublished results), thus indicating that the cells were fully functional.
ChAT specific activity in endothelial cells was 18% of the value found in the capillary fraction, suggesting a periendothelial localization of the en zyme. Taking into account that endothelial cells represent 70% of the total capillary protein, as can be inferred from the AP and 'Y-GTP enrichment ob served in the cellular fraction, the contribution of endothelial ChAT to the total capillary ChAT would be � 15%. This observation may be compatible with the small percentage of endothelial cells in which ChAT immunoreactivity has been visualized (Par navelas et aI. , 1985; Arneric et aI. , 1988) ; however, we cannot exclude that the enzyme activity associ ated with endothelial cells would be the result of an incomplete removal of periendothelial elements, en dowed with a significantly higher ChAT specific ac tivity. In clear contradiction with our results, a sev enfold enhancement in ChAT activity was reported in rat brain endothelial cells as compared to the corresponding intact capillaries (Gonzalez and San tos-Benito, 1987) . However, in this latter study, AP was lost during the purification procedure, and therefore the endothelial nature of the cell fraction was not fully demonstrated. In addition, a sevenfold purification of ChAT implies that most of the cap illary protein was periendothelial, which is rather improbable.
A preferential nonendothelial origin of ChAT has also been reported in rabbit pial vessels, in which the enzyme activity was not modified after removal of the endothelium (Hamel et aI. , 1987) . The fact that a similar result was obtained in pial vessels and intracerebral capillaries, using different strategies, suggests that most cerebrovascular ChAT should be considered as intrinsic to perivascular cholinergic nerve terminals.
If, as suggested, ACh were synthesized in peri vascular cholinergic nerve endings, the newly formed ACh should be released when capillaries are subjected to depolarizing conditions. It has been shown that in tissues containing cholinergic termi nals-cerebral cortex slices (Richter and March- (Wessler and Steinlein, 1987) , and pial vessels (Hamel et al. , 1990 )-preincubation with eHlcholine followed by depolarization by potas sium or electrical stimulation results in an increase of tritium efflux that is due almost exclusively to eHlACh release. On the basis of these previous findings, the vascular fractions were preloaded with [ 3 H]choline and then exposed to electrical field stimulation with controlled parameters to selec- tively depolarize nerve membranes and evoke the release of eHlACh. A significant increase of tritium efflux was observed in intact capillaries, in agree ment with previous work from Arneric et al. (1988) , in which tritium release was elicited in rat microves sels by potassium depolarization. In contrast, endo thelial cells failed to significantly respond to elec trical stimulation, indicating that the tritium re leased from the intact capillaries originated from a periendothelial compartment. This finding corre-TIME (mi n) lates well with the distribution of the ACh synthesizing activity measured in the same frac tions. Furthermore, the calcium dependence of the depolarization-induced tritium efflux observed in isolated capillaries is in agreement with a neuro transmitter release phenomenon. These findings strongly support the hypothesis that the increases in tritium efflux elicited by electrical stimulation rep resent a release of [ 3 H]ACh from neuronal elements attached to the cortical capillaries. In pial vessels from rats, it has been shown that veratridine induced ACh release takes place also in a nonendo thelial compartment, probably perivascular nerve terminals (Hamel et al. , 1987) . Taken together, the present results suggest that cholinergic nerve terminals account for most ACh synthesis and for ACh release in isolated cerebral capillaries. Cholinergic innervation of cerebral mi crovessels and capillaries may explain functional reports showing a participation of cholinergic mech anisms in the nonmetabolic vasodilation elicited by stimulation of distant brain regions such as the fas tigial nucleus of the cerebellum (Nakai et aI., 1983) and the basal forebrain (Biesold et aI., 1989; La combe et aI., 1989) . The recent finding that cholin ergic agonists increase microvascular permeability (Tucker and Huxley, 1990) suggests that in cerebral capillaries, ACh released from perivascular nerves Values represent means ± SD of the data obtained in 12 (capillaries) and 6 (endothelial cells) preparations from different animals. At the end of the incubation time, the amount of tritium incorpo rated in capillary and endothelial fractions was 120 ± 10 and 280 ± 46 dpmif.Lg protein, respectively. The basal tritium re lease was similar in both preparations. 'p < 0.05 when com pared with basal level (paired data). + p < 0.05 when com pared with endothelial cells (unpaired data). Absolute values of tritium release after electrical stimulation of endothelial cells were not significantly different from basal levels.
may contribute to the local regulation of the blood brain barrier.
